Despite the biological importance of UV vision, its molecular bases are not well understood. Here, we present evidence that UV vision in vertebrates is determined by eight specific amino acids in the UV pigments. Amino acid sequence analyses show that contemporary UV pigments inherited their UV sensitivities from the vertebrate ancestor by retaining most of these eight amino acids. In the avian lineage, the ancestral pigment lost UV sensitivity, but some descendants regained it by one amino acid change. Our results also strongly support the hypothesis that UV pigments have an unprotonated Schiff base-linked chromophore.
I
t is now clear that, counter to the traditional view, many vertebrates use UV vision for such basic behaviors as foraging, social signaling, and mating (1) (2) (3) (4) (5) . UV vision is achieved by the pigments that absorb light maximally ( max ) at Ϸ360 nm, but the mechanisms of the spectral tuning in these UV pigments remain mostly as an area of speculation. In general, visual pigments consist of an apoprotein, opsin, and an 11-cis-retinal chromophore that is bound to opsin by a Schiff base linkage to the lysine residue in the center of the seventh transmembrane (TM) helix (6) . The Schiff base of 11-cis-retinal is usually protonated by the glutamate counterion in the third TM helix (7) (8) (9) . The protonated Schiff base has a max at 440 nm in solution (10) . Through the interaction with an opsin, however, the Schiff base-linked chromophore in a visual pigment can have a max ranging from 360 to 635 nm (11) . Interestingly, the unprotonated Schiff base-linked chromophore in solution has a max at 365 nm (12) . Thus, it has been proposed that UV pigments may have an unprotonated Schiff base-linked chromophore (13) (14) (15) (16) (17) , but this hypothesis has not been experimentally tested.
Recently, it has been shown that some avian species have acquired UV vision by one amino acid change (17, 18) . It is also proposed that five amino acid sites regulate the absorption spectra of UV pigments in nonavian species (19) . This evolutionary approach, however, lacks rigor in identifying all amino acids involved in the spectral tuning in the UV pigments. Here, to study the molecular bases of UV vision, we first determine the mechanisms of the spectral tuning in the mouse UV pigment. The general molecular bases of UV vision in vertebrates are then studied by considering the mouse UV pigment and other orthologous pigments, often referred to as short-wavelengthsensitive type 1 (SWS1) pigments (20, 21) . Using the mouse UV pigment, we also examine the effects of the glutamate counterion on the spectral sensitivities of visual pigments.
Materials and Methods

Construction of Chimeric Pigments and Site-Directed Mutagenesis.
The UV opsin cDNA clone of the mouse (Mus musculus) has been subcloned into an expression vector, pMT5 (22) . The human blue opsin cDNA clone is a gift from Jeremy Nathans (Johns Hopkins Univ., Baltimore). To subclone the human blue opsin cDNA into pMT5, the cDNA clone was amplified by PCR by using primers: 5Ј-AGGGTGGAATTCCACCATG-AGAAAAATGTCGGAGG-3Ј (forward) and 5Ј-GGTCCT-GTCGACGGGCCAACTTGGGTAGACG-3Ј (reverse).
We have constructed a series of chimeras between the mouse UV opsin and human blue opsin by recombining them at restriction sites MscI (located at codon 56 of the mouse UV opsin gene), PvuII (codon 93), SphI (codon 147), and BamHI (codon 254). Point mutations were generated by using the QuickChange site-directed mutagenesis kit (Stratagene). The mutant cDNA clones were sequenced to rule out spurious mutations, and desired mutants were subcloned into the expression vector pMT5. (19) . The ancestral amino acid sequences were inferred by a likelihood-based Bayesian method (24) by using a modified version of the Jones, Taylor, and Thornton model, the Dayhoff model, and the equal-input model (for more details, see ref. 19 ).
Results and Discussion
Spectral Tuning of Mouse UV Pigment. Apart from the two fewer N-terminal amino acids in the mouse UV pigment, the amino acids of the mouse UV and human blue opsins differ at 50 sites ( Fig. 1 A and B) The residues from mouse UV pigment are shown as filled circles, and those from human blue pigment as open circles. When all of these pigments are exposed to light and denatured by sulfuric acid (H 2SO4) in the dark, new peaks at Ϸ380 and 440 nm are attained, respectively. These control experiments demonstrate that the observed lower peaks are due to opsins covalently linked to 11-cis-retinal via a Schiff base bond. The max values of the pigments are found near the peaks of the absorption spectra curves. Note that, unlike typical bell-shaped spectra (A-E, G, and H), the absorption spectrum of h(93)m pigment has a second minor peak at Ϸ410 nm (F). This may occur because of the coexistence of visual pigments with unprotonated and protonated Schiff bases (7, 8) .
are 396, 414, and 414 nm, respectively ( Fig. 2 F-H) . These results clearly demonstrate that the first 146 amino acids from the N terminus of the mouse UV pigment are responsible for its spectral sensitivity.
When the 146 amino acids of the mouse UV pigment and the corresponding segment of the human blue pigment are compared, we find amino acid differences at 25 sites ( Fig. 1 A and B) . Among these, the last 19 sites, starting with TM helix I, are located within or near the TM segments, where most interactions between the 11-cis-retinal and the opsin seem to take place (20, 21) . Thus, it is strongly suspected that some of these 19 sites are responsible for spectral tuning in the mouse UV pigment. Accordingly, we introduced 19 single human blue pigmentspecific amino acid changes into the corresponding positions of the mouse UV pigment. Following the amino acid site numbers of the bovine rhodopsin, these amino acid changes are R38Y, F46T, F49L, V50I, T52F, I57 M, H64R, L81F, F86L, T93P, I96V, H100N, L104V, A114G, S118T, V137I, S145N, I146F, and N149S. Much to our surprise, however, we found that none of these single mutations shifts the max value from that of the mouse UV pigment, 359 nm (Fig. 3) .
To evaluate the interactions of various amino acids, we then constructed three additional chimeric pigments, m (56) (Table 1) . Again following the amino acid site numbers of the bovine rhodopsin, these values are fully explained by L81F͞F86L͞T93P (amino acid changes L81F, F86L, and T93P), A114G͞S118T, and L81F͞ F86L͞T93P͞A114G͞S118T (Table 1, Fig. 3) . Similarly, the max of h(93)m pigment is explained by F46T͞F49L͞T52F͞L81F͞ F86L͞T93P (Table 1, Fig. 3 ). It should be noted, however, that many pigments with multiple mutations exhibit somewhat abnormal absorption spectra with an additional minor peak at Ϸ410 nm (Table 1 , Fig. 3 ; see also Fig. 2F ). We have attempted to narrow the width of the absorption spectrum by subjecting the mouse UV pigment with F86L͞T93P to various pH conditions. However, at pH 4.0, 4.9, 5.6, 6.9, 7.4, 8.2, and 8.3, the mutant pigment shows identical absorption spectra (result not shown).
These mutagenesis results strongly suggest that the amino acids at the eight sites in TM helices I-III are responsible for spectral tuning in mouse UV pigment. In fact, when F46T͞ F49L͞T52F͞L81F͞F86L͞T93P͞A114G͞S118T are introduced into mouse UV pigment, the mutant pigment achieves a max at 412 nm (Fig. 3) , whereas the human pigment with the reverse mutations has a max of 359 nm (result not shown). Among these eight amino acids changes, L81F is least effective in shifting the max . For example, F86L͞T93P shift the max 19 nm toward blue, but the addition of L81F increases the blue shift by only 3 nm. In addition, neither L81F͞F86L nor L81F͞T93P cause any max shift (Fig. 3) . Indeed, the mouse UV pigment with seven mutations F46T͞F49L͞T52F͞F86L͞T93P͞A114G͞S118T achieves a max at 411 nm (Figs. 3 and 4A) , whereas the human blue pigment with the reverse mutations achieves a max at 360 nm (Figs. 3 and 4B ). These max s are practically identical to those of the corresponding pigments with the eight mutations. Thus, the difference in the max between the mouse and human pigments is explained fully by the amino acid differences at sites 46, 49, 52, 86, 93, 114, and 118. Another site 90 is also known to have contributed significantly to the evolution of avian UV pigments (17, 18) . Among these eight sites, 46, 49, 52, 86, 90, 93, and 114 are located near the Schiff base nitrogen and 118 near C-11 of the 11-cis-retinal chromophore (26, 27) .
Molecular Evolution of the SWS1 Pigments.
To derive the general genetic rule underlying UV vision in vertebrates, it is necessary to study the effects of the eight critical sites on the spectral tuning in other orthologous pigments. For that purpose, we use the results on the previous phylogenetic analyses of the SWS1 pigments from 17 species (19). The Jones, Taylor, and Thornton, Dayhoff, and equal-input models of amino acid replacements predict that the amino acids at the eight critical sites in the pigment of the vertebrate ancestor are F46͞F49͞T52͞F86͞S90͞T93͞A114͞S118 (Fig. 5 ). This amino acid composition is identical to those of the chameleon, mouse, and rat UV pigments, but it differs from those of the three fish UV pigments by one common amino acid at site 93. It turns out, however, that the goldfish UV pigment with Q93T does not shift the max from 359 nm (19) . These observations strongly suggest that the ancestral vertebrate pigment was UV- sensitive, having a max of Ϸ360 nm, and that various violet pigments evolved from the UV pigment.
In the avian lineage, the ancestral pigment has F46͞L49͞T52͞ S86͞S90͞T93͞A114͞A118, suggesting that F49L͞F86S͞S118A occurred in the ancestral pigment. The amino acid composition at the eight sites of this ancestral pigment is identical to that of the contemporary pigeon pigment. Thus, the ancestral avian pigment must have had a max at Ϸ395 nm. Interestingly, in parakeet, zebra finch, and canary, the UV pigments evolved from this ancestral pigment by the single amino acid replacement, S90C (17, 18) .
In nature, the spectral sensitivity of visual pigments in fish and chameleon can be red-shifted by replacing 11-cis-retinal by 11-cis-3,4-dehydroretinal (20) . However, for UV pigments, the effect of switching the two types of chromophore on the max shift is negligible (23) . The cone photoreceptors with the SWS1 pigments have transparent oil droplets, and their max also are not affected by the oil droplets (28) . Thus, UV and violet vision in vertebrates is determined directly by their SWS1 pigments. These observations suggest that contemporary UV vision in nonavian species is inherited from the vertebrate ancestor by maintaining most of the eight critical sites in the UV pigments. On the other hand, the violet (or blue) vision evolved from UV vision by accumulating at least two of the eight critical amino acid changes. We have seen that single amino acid changes in the mouse and goldfish UV pigments do not shift the max . On the other hand, a single amino acid change S90C in the avian violet pigment can shift the max by Ϸ35 nm (17) . These seemingly contradictory observations can be resolved easily by considering F49L͞F86S͞S118A͞S90C together rather than S90C alone. Indeed, when S90C is introduced into the mouse UV pigment, the mutant pigment has a max value of 357 Ϯ 1 nm (result not shown), which is virtually identical to the max of the mouse UV pigment.
The Role of the Counterion in the Spectral Tuning of Mouse UV Pigment. To test the role of the glutamate counterion in the spectral tuning of visual pigments, we introduced E113Q into the mouse UV pigment. This mutant pigment achieves a max at 352 nm and is still UV-sensitive (Fig. 6A, dark) . When this pigment is subjected to various pH ranging from 5 to 8.5, its absorption spectrum does not change from 352 nm (result not shown). At pH 4, however, this mutant pigment achieves a max at 440 nm and becomes denatured. Thus, the glutamate counterion has little effect on the spectral sensitivity in mouse UV pigment, strongly suggesting that mouse UV pigment has the unprotonated Schiff base-linked chromophore.
When E113Q is introduced into mouse pigment with F46T͞ F49L͞T52F͞F81L͞T93P͞A114G͞S118T, a very different picture emerges. This pigment shifts its max from 411 to 369 nm (Fig. 6B, 6 .4). When the pH is lowered from 6.4 to 1.8, the pigment attains a max at 440 nm and becomes denatured (Fig.  6B, 1.8 ), strongly suggesting that the observed max of 369 nm is generated by the mutant visual pigment. We also attempted to evaluate the effect of various pH on the max shift. Unfortunately, the mutant pigment becomes unstable outside neutral pH, where we cannot determine the relationship between pH and the max of the pigment unambiguously. Because of the drastic decrease in the max caused by E113Q, however, it is most likely that the Schiff base of this mutant pigment is predominantly unprotonated. We also introduced the equivalent mutation (E113Q) into the human blue opsin, but the mutant opsin failed to bind to 11-cis-retinal (see also ref. 25) . However, because the max of the human blue pigment is very close to that of the mouse pigment with F46T͞F49L͞T52F͞F86L͞T93P͞ A114G͞S118T, it is highly likely that the human blue pigment also has a protonated Schiff base (11) .
If the glutamate counterion is not used for the protonation of the Schiff base, why does the mouse UV pigment have E113? When exposed to UV light for 2 min, the mouse UV pigment with E113Q shifts its max from 352 nm to Ϸ370 nm and reveals another peak at 460 nm (Fig. 6A, 2 min) . After 10 min of UV exposure, its max reaches 380 nm, but the 460-nm peak still remains (Fig. 6A, 10 min) . Such exceptionally stable metal I-like intermediates have also been reported for the UV pigment in the R7 photoreceptor of Drosophila (29) , which is known to lack the counterion glutamate residue (30, 31) . Compared with these, wild-type mouse UV pigment achieves a single peak at 380 nm even after 2 min of UV exposure (Fig. 6A Inset) . Thus, although it has very little effect on the max shift, the counterion in the mouse UV pigment seems important in photobleaching and possibly subsequent phototransduction.
Removal of water molecules from the Schiff base pocket could result in displacement of positive charge away from the Schiff base nitrogen, leading to deprotonation of the Schiff base (32) (33) (34) (35) . Thus, being responsible for the spectral tuning of the SWS1 pigments, some of the eight critical amino acid differences may be responsible for the trafficking of waters at the Schiff base pocket. In particular, amino acids at 86, 90, and 93 in the TM helix II, located near the Schiff base, have a major impact on the max shift ( Fig. 3; ref. 17 ) and may be important in the movement of water molecules in that region. According to hydrophobicity scales of amino acids that incorporate the conformational and environmental factors (36) , the hydropathic indices are 5.5 Fig. 6 . Absorption spectra of the mouse UV pigment with and without E113Q (A) and that with the seven mutations and E113Q (B). The spectra in A were measured in the dark and after 2 and 10 min of exposure to UV light, whereas those in B were measured at pH 6.4 and 1.8.
kcal͞mol for the F86͞S90͞T93 of the ancestral vertebrate UV pigment and contemporary chameleon, mouse, and rat UV pigments. Indeed, these values are highest among all ancestral and contemporary SWS1 pigments, which show the highest level of hydrophobicity. The amino acids at sites 46, 49, 52, 86, 90, 93, and 114, located near the Schiff base, of these four UV pigments also show the highest level of hydrophobicity among all ancestral and contemporary SWS1 pigments.
We have also seen that the evolution of violet pigments from the ancestral vertebrate UV pigment requires at least two amino acid changes at the eight critical sites. These strong synergistic interactions may occur because of the highly limited access of water molecules to the Schiff base pocket (33) . Although we cannot offer a structural explanation for this stable structural environment of the unprotonated Schiff base, it is conceivable that the introduction of water molecules to this restricted area requires at least two new hydrophilic amino acids. These amino acids may be used to form a new hydrogen-bonding network of water molecules and the peptide backbone (37) . In the fish lineage, the corresponding hydropathic index has been reduced from 5.5 to 0.2 kcal͞mol due to T93Q. Without recruiting additional appropriate hydrophilic amino acid(s), however, the fish UV pigments can still have an unprotonated Schiff base. The ancestral avian pigment achieved F49L͞F86S in the Schiff base pocket, which is still found in the pigeon pigment (Fig. 5) . The changes to these relatively more hydrophilic amino acids might have allowed water molecules to move into the Schiff base pocket, generating the protonated Schiff base. When S90 in the pigeon and chicken violet pigments are replaced by a more hydrophobic C90, the mutant pigments become UV-sensitive, possibly due to the depletion of water molecules from the region (17) . All of these observations strongly suggest that most of the eight critical amino acid sites are involved directly or indirectly in the protonation and deprotonation of the Schiff base.
